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Abstract 
 
With the great surge of interest in energy issues, the application fields of lithium ion batteries (LIB) 
have been broaden not only portable devices but also hybrid-electric vehicle (HEV), electric vehicle 
(EV) and energy storage system (ESS).  High power density, high energy density and high safety of 
LIBs are necessary to be applied in HEV and EV systems. One of methods to improve energy density 
is increasing charge voltage over 4.3V by using more lithium inside of structures. These conditions 
are one of demands for industries. But charge and discharge over 4.3V leads to degradation of 
structural stability hence it makes cycle and thermal stability worse. Therefore various modifications 
of cathode materials are essential to meet these conditions. The following components are the way to 
solve these problems. 
Firstly, various nano-sized cathode materials have been studied by synthesizing 0D, 1D, 2D, and 
3D materials through various methods. These nano-sized particles can effectively reduce the diffusion 
length of lithium ions and increase the active site between electrolyte and cathode materials, which 
can improve the rate capability at the high current density.  
Secondly, there is heteroatom doping methods. This method can realize the synergistic effect 
between advantages of pristine transition metals and doping atoms by complementing drawback of the 
transition metals. More specifically, the doping method can enhance the cyclability and thermal 
stability by modifying surface structures. Further, it can increase the operation potentials according to 
the charge/discharge characteristic of doping atoms. Also, we can expect an economic effect by using 
inexpensive doping materials. 
Herein, I investigated the nano-size effect of LiCoO2 materials and the electrochemical 
performance of the nickel-doped 5V spinel with the morphology of the nanorod-nanoparticle cluster 
where the energy density was compared with the control materials fabricated by the sol-gel method. 
Finally, the novel cathode material that is newly optimized LiNi1-x-yCoxAlyO2 composition was 
evaluated the possibility to apply the HEV or EV system. 
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1. Introduction 
1. 1. Lithium-Ion Battery 
Rechargeable batteries are employed in almost every aspect of modern life. Everyday household 
items like flashlights, television remotes, and power drills require batteries. Even away from the house 
we depend on batteries to power our music players, mobile phones, and note-PCs. With the growing 
concerns of fossil fuel dependency and its environmental impacts, alternative energy sources have 
grown up to be a huge interest. However, alternative energy systems such as solar, wind, and 
hydropower often require efficient batteries to conserve its energy. Hybrid electric vehicles (HEVs) or 
fully-electric vehicles (EVs) need high-performance batteries in order to be competitive with existing 
gas-engine automobiles. Among various rechargeable batteries, the lithium-ion battery (LIB) is 
successfully deployed on commercial automobile applications due to its high specific energy density 
and volumetric energy density (Figure 1. 1). However, there are some potential problems such as a 
high-cost, safety, and short life time to assume its role as reliable electric vehicles. 
 
 
Figure 1. 1. Diagram comparing the conventional rechargeable batteries as a function of volumetric 
and specific energy densities.
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1. 2. Principle of Lithium-Ion Battery 
Lithium is the lightest metal and has a high electrochemical potential. These properties enable 
lithium metal to achieve high energy and power density and become a promising material in the 
battery production market. Rather than only using the redox reaction as in the above three types of 
batteries, Li-ion batteries also depend on intercalation. Lithium ions are inserted into the lattice of the 
host electrode without changing the crystal structure. The principle of Li-ion batteries is given in 
Figure 1. 2. 
 
 
 
Figure 1. 2. The principle of Li-ion battery. 
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In a typical Li-ion battery, the anode is carbon (graphite), while the cathode is made from lithium 
cobalt dioxide (LiCoO2) and the electrolyte is a non-aqueous organic solvent including a lithium salt 
(LiPF6). 
 
The half-cell reaction at the cathode electrode is: 
 
 
The reaction at the anode electrode is as follows: 
 
 
 
In sum, the total reaction is 
 
 
During discharge, lithium ions are dissociated, migrate across the electrolyte and are inserted into 
the carbon structure. At the same time the compensating electrons flow in the external circuit. Because 
this reaction is reversible, the lithium ions pass back and forth between the electrodes during charging 
and discharging. 
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2. Cathode Materials 
2. 1. Required Characteristics of Cathode Materials 
 
When charging and discharging, a large amount of lithium-ion is intercalated and deintercalated. 
To enhance its energy efficiency, it should show reversible reaction and consistent even plateau 
from the composition of its wide range. In addition, it has to be light and has an elaborate structure 
in order to make it have a high capacity per unit weight or unit volume, and for high power, the 
electronic conductivity and ion conductivity has to be high. The cycle life efficiency of cathode 
materials also should be high. If side reaction occurs regardless of the circulation of lithium-ion 
from the cathode or anode, the efficiency goes down. Next, the phase transition must not occur 
upon the charge or discharge because the nonreciprocal phase transition of the crystal structure 
shortens the cycle life of the cell. Furthermore, if the volumetric change of the crystal lattice is high, 
its capacity reduces as the active material is desorbed from the collector. As to prevent reaction with 
the electrolyte, it has to be chemically or electrochemically stable and thermally stable. 
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2. 2. Layered Structure 
2. 2. 1. LiCoO2 
 
LiCoO2 has a layered rock salt type structure (Figure 2. 2. 1) referred to as a-NaFeO2 structure 
(space group R-3m), and in this structure, the oxide ion takes on a face-centered cubic lattice structure 
and is closely packed. The attempt to practically apply layered oxides containing lithium ion as 
cathode materials has begun from the discovery by J.B. Goodenough in 1980 that LiCoO2 shows an 
electrical potential of 4V and that the reversible insertion and desorption of lithium ion are possible.
2
  
 
The size change of the crystallite in the direction of c-axis is helpful in easing the volume change 
within the cell because it is a change contrasting the case in which the anode was made to be graphite.  
Moreover, as explained earlier, because its diffusion path within the host is a single layer of lithium-
ion on a 2-D plane, the diffusivity is also great compared to the spinel compounds with 3-D diffusion 
paths. 
 
The reason LiCoO2 is commercialized as a cell material and most commonly used is because of its 
easy manufacturability. When cobalt salt and lithium salt are mixed and then calcinated, LiCoO2 can 
be synthesized, but such LiCoO2 can be divided into HT-LCO and LT-LCO depending on the 
synthetic temperature. The former is formed at a high temperature of over 800 
o
C and the latter around 
400
 o
C.3 LT-LCO uses HT-LCO synthesized at a high temperature of over 800 
o
C as cathode material 
because the electrochemical characteristics deteriorate due to defects inside the crystal and low 
crystallinity.4 
 
LiCoO2 is a very excellent material and has a characteristic of high theoretical capacity (274mAh/g), 
but has a problem that the phase changes depending on the charge and discharge. When the amount of 
deintercalated lithium-ion exceeds 0.5 mol, it causes a phase transition from hexagonal to monoclinic, 
and the potential goes over 4.2V and ultimately reaches 4.8V. When this becomes the status, because 
the structure of LiCoO2 becomes unstable, and furthermore, cobalt ion dissolves in electrolyte from 
the electrode/electrolyte interface and can cause oxidation decompositions of the electrolyte, the 
amount of available lithium is limited to around 0~0.5 mol as it obtains favorable cycle life 
characteristics. 
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Figure 2. 2. 1. Crystal structure of LiCoO2. 
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2. 2. 2. Ni-based Materials 
 
LiNiO2, with the isostructure as LiCoO2, has been studied as a cathode material of LIB for a long 
period of time because its characteristics are comparable to that of LiCoO2. The charge/discharge 
voltage by the oxidation/reduction of Ni
3+
/
4+
 falls slightly compared to LiCoO2, but the theoretical 
capacity is almost identical to LiCoO2. Moreover, since the deintercalation of lithium-ion is possible 
with the amount around 0.7 mol, the available charge/discharge capacity is greater than LiCoO2. 
Furthermore, nickel is characterized as being less expensive than cobalt and having a large reserve, 
and superior in toxicity than LiCoO2.
5 
However, in the process of synthesizing LiNiO2, Ni
3+
 ion should exist, but it is easy to reduce to 
Ni
2+
. The formed Ni
2+
 ion(rNi+ = 0.69 Å ) is similar in size to Li
+
 ion(rLi+ = 0.76 Å ) and the so-called 
“cation-mixing” occurs where the Ni2+ ion is placed on the lithium layer, and ultimately Li1-xNi1+xO2, 
which is a non-stoichiometric composition with low lithium content, is easily formed.
6
 Materials with 
such non-stoichiometric composition have problems such as dropping diffusivity of lithium ion or 
significant deterioration of cycle life characteristic.
7
 An even greater problem is the case that the 
decomposition reaction and the accompanying oxygen generation rate due to thermal stability is 
serious compared to LiCoO2. This is a serious problem in the recent battery market which strongly 
demands safety. Owing to the problems mentioned above, studies have been conducted on LiNiO2 
along with LiCoO2 for a long period of time, but it has been considered that it would be difficult to 
use independently. Therefore, by focusing on the fact that LiNiO2 and LiCoO2 form a complete solid 
solution, material of LiNi1-xCoxO2 (x≤0.2) which is its solid solution has received more attention. This 
allows Co
3+
 ions to form a regular crystal structure and the formation of Ni
2+
 ion is suppressed cation-
mixing located in place of the lithium to show a more enhanced electrochemical characteristic. 
However, the thermal stability issue in the charged state still remains a problem, and to improve such 
characteristic further, additional doping has been studied. Among those studies, LiNi0.8Co0.15Al0.05O2 
(NCA) with aluminum, which is electrochemically inactive, doped in 5mol% is the most widely 
known.8 
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Figure 2. 2. 2. Voltage Profiles of (a) LiNi0.8Co0.15Al0.05O2 and (b) carbon-coated LiNi0.8Co0.15Al0.05O2.
9
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2. 2. 3. LiNi1/3Co1/3Mn1/3O2 
 
As a combination of strengths such as the high capacity of LiNiO2, the thermal stability and low 
price of LiMnO2, and stable electrochemical characteristics of LiCoO2, ternary Li[NixCo1-2xMnx]O2 
shows excellent electrochemical characteristics. Although LiCoO2 generally forms a solid solution 
with LiNiO2, it does not form a solid solution with LiMnO2, and LiNiO2 forms a solid solution with 
LiMnO2. The most widely known composition is LiNi1/3Co1/3Mn1/3O2 (NCM) containing equal 
amount of each transition metal, and this is synthesized by usually using co-precipitation method. 
Regarding NCM, nickel and manganese ion normally prefers the electronic configuration of Ni
2+
 and 
Mn
4+
 than Ni
3+
 and Mn
3+
. Therefore, in NCM, nickel is in the 2+ oxidation state, cobalt 3+ state, and 
manganese 4+ state. Ni
2+
 is usually involved in charge/discharge, and Co
3+
 partakes in the edge stage 
during charging. On the other hand, Mn
4+
 does not get involved in the charge/discharge, but Mn
4+
 
contributes to the stability of the overall layered structure from the octahedral site. Generally, because 
Li1-x[Ni1/3Co1/3Mn1/3]O2 has the same O3 structure in the domain of 0≤x≤0.8, even during the charging, 
it has a stable structure with almost no structural change. Although the capacity of this material is 
similar to that of LiCoO2, the reason it is receiving the spotlight as an alternative material is because 
of its competitiveness from the aspect of performance, safety, and cost. In contemporary times, 
materials with various compositions are under development for improving the capacity by relatively 
increasing the amount of Ni while maintaining the strength of this material. 
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2. 3. Spinel Structure 
2. 3. 1. LiMn2O4 
LiMn2O4 in spinel structure belongs to the cubic system, and has symmetry of space group Fd-3m. 
The name of such spinel structure originated from spinel MgAl2O4, and the general expression 
appears as AB2X4. In LiMn2O4, O
2-
 ion is taking up 32e site, and Li
+
 ion is occupying 8a site, and 
Mn
3+
 ion and Mn
4+ 
ion is occupying 16d site in a disorderly manner (Figure 2. 3. 1).  
 
 
Figure 2. 3. 1. Crystal structure of LiMn2O4. 
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The charge/discharge curve (see Figure 2. 3. 1) shows a plateau in the 4V domain and the 3V domain, 
and if these two plateaus are discharged, it shows a high capacity of ~240mAh/g. But in case 
charge/discharge is carried out in the 3V domain the cycle life characteristic is significantly reduced 
since a great volume expansion (6%) is accompanied in the 3V domain due to the formation of a 
tetragonal Li2Mn2O4.
10 In the meantime, with respect to the charge/discharge in the 4V domain, 
because the intercalation/deintercalation of lithium progresses while maintaining the spinel structure, 
the deterioration of the cycle life characteristic can be suppressed compared to the 3V domain. 
However, the problem of its low capacity in contrast to other cathode material, and that of Mn ion 
dissolution into the electrolyte during high temperature charge/discharge, and the structural instability 
due to the Jahn-Teller effect of the MnO6 octahedron becomes a problem. For this reason, attempts are 
being actively made to improve the charge/discharge characteristic by substituting a portion of Mn 
into other metallic elements. 
 
 
 
 
Figure 2. 3. 2. Discharge curve of LiMn2O4.
10
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2. 3. 2. LiMxMn2-xO4 
 
One of the requirements for developing cathode materials for lithium-ion batteries is the increase of 
energy density by raising the cut-off voltage. The 5V grade cathode material development was first 
reported by Sigala group in 1995.11 As a result of this group partially doping Cr and 
charging/discharging LiCrxMn2-xO4 up to the high voltage, the group reported of a plateau appearing 
even at 4.9V besides the plateau of the existing 4V domain. The plateau of 4V is known to be due to 
the oxidation/reduction of Mn
3+
/
4+
, and at 4.9V, due to the oxidation/reduction of Cr
3+
/
4+
. The 
representative one as a 5V grade cathode material is LiMxMn2-xO4 (M=Cr, Fe, Co, Ni, Cu etc).
12 Out 
of these, LiNi0.5Mn1.5O4 theoretically exists as Ni
2+
 and Mn
4+
 within the structure of nickel and 
manganese. This can configure a high voltage of 4.7V by the oxidation/reduction of Ni
2+
/
4+
, and 
enhances the structural stability as Mn ion exists as 4+. Through this, it is being studies as a most 
promising as well as an attractive material with favorable cycle life characteristics. 
 
 
 
Figure 2. 3. 3. Voltage profiles of (a) LiCr0.5Mn1.5O4, (b) LiFe0.5Mn1.5O4, (c) LiCo0.5Mn1.5O4, and (d) 
LiNi0.5Mn1.5O4.
13
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2. 4. Improvements of Cathode Materials 
 
With the great surge of interest in energy issues, the application fields of lithium ion batteries (LIBs) 
have been broaden not only portable devices but also HEV, EV and ESS. High power density, high 
energy density and high safety of LIBs are necessary to be applied in HEV and EV systems. To satisfy 
these properties, various modification methods are a necessary prerequisite factor, which classified 
three categories. 
Firstly, various nano-sized cathode materials have been studied by synthesizing 0D, 1D, 2D, and 
3D materials through various methods. These nano-sized particles can effectively reduce the diffusion 
length of lithium ions and increase the active site between electrolyte and cathode materials, which 
can improve the rate capability at the high current density.
14
 However, these materials have a low 
energy density due to their reduced volumetric density and accelerate the side reaction on the surface 
by increased specific surface areas. As for the synthesis method for nano-sized cathode materials, it is 
an obstacle to commercialize the nano materials because of complicated way compared with solid 
phase methods. 
 
 
Figure 2. 4. 1. (a) SEM image, (b) TEM image, (c) voltage profiles and (d) the rate capability of 2D 
LiMnPO4.
14a
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Figure 2. 4. 2. (a, b) SEM images of the Co0.35Mn0.65O2 precursor. (c) SEM image of LiCo0.3Mn1.7O4 
spinel particles (d and e) SEM images of the LiCo0.3Mn1.7O4 spinel nanowires. (f) HR-TEM image of 
(e).
14b
 
 
 
Figure 2. 4. 3. (a) Discharge capacity, and (b) energy density plotted vs. cycle number of the clustered 
nanowires and bulk reference electrodes.
14b
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Secondly, there is heteroatom doping methods. This method can realize the synergistic effect 
between advantages of pristine transition metals and doping atoms by complementing drawback of the 
transition metals. More specifically, the doping method can enhance the cyclability and thermal 
stability by modifying surface structures.
15
 Further, it can increase the operation potentials according 
to the charge/discharge characteristic of doping atoms. Also, we can expect an economic effect by 
using inexpensive doping materials.
16
 However, there are significant problems such as the capacity 
reduction and lowered rate capability. 
 
 
Figure 2. 4. 4. DSC evaluation of LiNi0.8Co0.2O2 and LiNi0.80Co0.16Mg0.04O2 samples in the charged 
state.
15
 
 
 
 
 
16 
 
Third, the coating method have been widely studied, which can improve the material property 
along with the original nature of pristine materials. There are several coating methods according to 
coating materials, for instance, the carbon coating to improve electrical conductivity,17 and metal 
oxide coating by Al2O3, ZrO2, TiO2, AlPO4.
18 The carbon coating can increase electrical properties of 
low conductive materials. The carbon coating of LiFePO4 is widely known method in a coating 
treatment.17a The olivine structure has intrinsically low conductivity. By carbon coating on the olivine 
structure, the theoretical capacity value was successfully obtained (see Figure 2. 4. 5 and 6). In 
addition, this method can applied other cathode materials to improve high-rate capability.17b However, 
the total energy density tends to be diminished because carbon does not contribute the capacity 
increase. On the other hand, the metal oxide is highly stable in chemical and electrochemical manners, 
which can prevent the direct contact between the electrolytes and cathode materials, thus reduced the 
side reaction such as electrolyte decomposition and transition metal dissolution. Also, it has been 
reported that the AlPO4 can improve the thermal stability of cathode materials (see Figure 2. 4. 10 
and 11).
18b
 However, the metal oxide coating gives rise to increase surface resistance and lowered 
capacity when using the large amount of coating materials.  
 
 
Figure 2. 4. 5. (a, b) TEM images of carbon-coated LiFePO4 nanoparticles. (c) Schematic viewing of 
carbon-coated LiFePO4.
17a
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Figure 2. 4. 6. Electrochemical performance of the carbon-coated LiFePO4: (a) Cyclic voltammetry 
evaluation at different scan rates; (b) voltage profiles with different current densities; (c) cycling 
performance test; (d) voltage profiles with different cycle number.
17a
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Figure 2. 4. 7. (a and b) SEM images of carbon-coated LiMn2O4. (c, d, and e) TEM images of 
carbon-coated LiMn2O4. (f) Fast Fourier transform images of (e).
17b
 
 
 
Figure 2. 4. 8. Discharge capacity vs. cycle number with increasing C rate.
17b
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Figure 2. 4. 9. Cycle performances for ZrO2-, Al2O3-, TiO2-, B2O3-coated, and bare LiCoO2.
18a
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Figure 2. 4. 10. (a) Voltage and temperature curves of a cell with a bare LiCoO2 cathode, as a function 
of time. All the cells were initially charged to 4.2V, then charged to 12V at a rate of 1C, and then 
maintained at that voltage for 2h. (b and c) voltage and temperature curves of a cell with an AlPO4 
nanoparticle-coated LiCoO2 cathode. (d) a picture of a cell containing a bare LiCoO2 cathode after the 
12V overcharge test. (e) a picture of a cell containing the AlPO4 nanoparticle-coated LiCoO2 after the 
12V overcharge test.
18b
 
 
 
Figure 2. 4. 11. (a, b, and c) TEM images of the AlPO4 nanoparticle-coated LiCoO2. 
21 
 
During my degree, I have been studied various modification methods such as nono-sized materials, 
doping, and coating process. However, the more intensive research are required to solve low energy 
density, side reaction with electrolyte, and increased surface resistance. Therefore, the purpose of this 
study is to minimized the above-mentioned drawback and synthesize the high-performance cathode 
materials with high energy density and power density. Here, I investigated the nano-size effect of 
LiCoO2 materials and fabricated the improved cathode materials with high energy density by using 
nano-sized materials. In addition, we investigated the electrochemical performance of the nickel-
doped 5V spinel with the morphology of the nanorod-nanoparticle cluster where the energy density 
was compared with the control materials fabricated by the sol-gel method. Finally, the novel cathode 
material that is newly optimized LiNi1-x-yCoxAlyO2 composition was evaluated the possibility to apply 
the HEV or EV system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
3. Experiment 
 
3. 1. Effect of LiCoO2 Cathode Nanoparticle Size on High Rate 
Performance for Li-Ion Batteries 
 
3. 1. 1. Introduction 
 
 LiCoO2 has been extensively studied for use as a cathode material because of its excellent 
electrochemical properties and the ease of synthesizing a hexagonal α-NaFeO2 structure, where 
alternating planes containing Li and Co ions are separated by close-packed oxygen layers.
2, 18b, 19
 This 
material is mainly used as a major cathode material in commercial Li-ion batteries as a result of its 
excellent electrochemical properties and high electrode density. Recently, nanostructured electrodes 
have attracted a great deal of scientific and technical interest as a result of their unique physical and 
chemical properties that bulk materials may not possess. Because of their large surface-area-to-
volume ratio, the nanoparticles can be used in electrochemical energy-storage devices to provide both 
high power and high energy density. Although Li-ion batteries are attractive power-storage devices 
that have high energy density, their high power density is generally low due to the high level of 
polarization at higher current rates. In this regard, control of the particle size via syntheses of LiCoO2 
nanoparticles by methods such as sol-gel,
20
 co-precipitation,
21
 hydrothermal synthesis
22
 and ion-
exchange,
23
 emulsion,
24
 sonochemical,
25
 and combustion
26
 have been reported. However, these studies 
reported only synthetic methods or electrochemical properties of as-prepared LiCoO2 particles 
obtained from a fixed temperature, and no systematic approach to show the relationship between 
particle size and high-rate performance has been reported. In spite of the fact that electrode density is 
the most important factor deciding the rate and volumetric energy density of the cell, previous studies 
ignored this issue. 
 
 In this study, dependence of high-rate performance of the LiCoO2 cathode with a variation of 
nanoparticle size on high-rate performance is investigated via using oleyamine-capped LiCoO2 
nanoparticles hydrothermally prepared at 200°C. 
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3. 1. 2. Experimental Section 
 
For obtaining various particle sizes of LiCoO2, hydrothermally prepared LiCoO2 particles were 
prepared and Co(NO3)2·6H2O (0.13 mol) was dissolved in 1-hexanol (100 mL) with subsequent 
addition of LiOH (0.75 mol) and oleylamine (0.25 mol), all while vigorously stirring. This mixture 
was then transferred into an autoclave and maintained at 200°C for 72 h. After cooling to room 
temperature, unreacted LiOH was removed by washing with water three times followed by two 
washes with ethanol. The washed powders were vacuum dried at 200°C for 24 h. As-prepared LiCoO2 
particles were further annealed at 500, 700, and 900°C for 5 h in air. Because the as-prepared sample 
at 200°C was further annealed at 700°C in air to obtain 300 nm-sized sample, it was expected to have 
no residual carbon from oleylamine on the particles. 
 
To test the cycle-life performance of each cathode material, a slurry was prepared by mixing the 
active material, super P carbon black, and a poly(vinylidene fluoride) binder with weight ratios of 
90:10:10 or 40:30:30 in N-methyl-2-pyrrolidene. The amount of cathode materials was ~19 mg in the 
composite cathode. A coin-type half-cell (2016 size) contained a test electrode, a lithium-metal 
counter and reference electrode, a 15 μm thick microporous polyethylene separator, and an electrolyte 
solution of 1 M LiPF6 in EC/DMC (1:1 vol %) (Cheil Industries, Korea). 
 
 Raman measurements were performed using a Renishaw 2000 Raman microscope system. A Melles 
Griot He–Ne laser operating at λ = 632.8 nm was used as the excitation source with a laser power of 
~30 mW. The Rayleigh line was removed from the collected Raman scattering using a holographic 
notcher filter located in the collection path. Raman scattering was collected using a charge-coupled 
device (CCD) camera at a spectral resolution of 4 cm
−1
. An additional CCD camera was fitted to an 
optical microscope to obtain optical images. Each spectrum was accumulated three times with an 
exposure time of 30 s using a  50 objective lens. X-ray diffraction (XRD) patterns were obtained 
using Cu Kα radiation at 3 kW. Lithiated and delithiated samples were sensitive to moisture, and 
therefore, all transmission electron microscope (TEM) and XRD sampling processes were done in a 
glove box filled with pure Ar, according to the method previously reported.
27
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3. 1. 3. Results and Discussion 
Figure 3. 1. 1 shows XRD patterns of the LiCoO2 prepared at 200, 500, 700, and 900°C. Reitveld 
refinement results are summarized in Table 3. 1. 1, and c/a values of all the samples are >4.99, 
showing a well-developed layered structure. However, except for the sample prepared at 200°C, the 
samples show a Co3O4 impurity phase decomposed from LiCoO2 on annealing at >200°C. The 
Reitveld analysis shows that the amount of Co3O4 for all samples is <3.1 wt %. 
 
 
 
Figure 3. 1. 1 XRD patterns of the LiCoO2 particles obtained at various temperatures. 
 
 
Table 3. 1. 1. Rietveld refinement results of LiCoO2 particles obtained at various temperatures. 
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Figure 3. 1. 2. Raman spectra of the LiCoO2 particles obtained at various temperatures. 
 
 
 
 
 
 
 
 
 
 
Figure 3. 1. 2 shows Raman spectra of the LiCoO2 prepared at various temperatures. Two strong 
Raman bands at about 590 and 480 cm
−1
 are attributed to the Co–O stretching A1g mode and the O–
Co–O bending Eg mode, respectively. This result is consistent with previous Raman spectral results 
reported for LiCoO2.
28 
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 Figure 3. 1. 3 exhibits the scanning electron microscope (SEM) images of the LiCoO2 
nanoparticles prepared at 200°C with and without the oleylamine capping agent. LiCoO2 
nanoparticles made without using oleylamine show the formation of larger, abnormal particles (>1 μm) 
in contrast to those made using oleylamine. Among the large pool of candidates for capping agents, 
oleylamine has been selected because it is widely used in manipulating nanostructures. This result 
indicates that the capping agent effectively suppressed particle growth. Figure 3. 1. 4 shows SEM 
images of the LiCoO2 prepared at various temperatures and particle size increases with increasing 
annealing temperature. At 200°C, average particle size is 50 nm but increases to 100 nm, 300 nm, and 
1 μm at 500, 700, and 900°C, respectively. In particular, at 700°C, hexagonal particles are clearly 
observed. Figure 3. 1. 5 exhibits TEM images of the LiCoO2 cathodes with particle sizes of 50, 100, 
and 300 nm, respectively, which show the lattice fringes of (003) planes, corresponding to a d-spacing 
value of 4.63 Å . Furthermore, the cathode prepared at 700°C shows only a spotty pattern, indicative 
of the formation of single-crystalline LiCoO2. 
 
 
 
 
 
 
 
 
 
Figure 3. 1. 3. SEM images of the LiCoO2 nanoparticles prepared at 200°C (a) without and (b) with 
using oleylamine capping agent. 
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Figure 3. 1. 4. SEM images of the LiCoO2 particles obtained at various temperatures. LiCoO2 
nanoparticles prepared hydrothermally at (a) 200°C were further annealed at (b) 500, (c) 700, and (d) 
900°C for 5 h. 
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Figure 3. 1. 5. TEM images of the LiCoO2 particles LiCoO2 particles obtained at (a, b) 200, (c, d) 500, 
and (e) 700°C; (f) Selected area diffraction patterns of (e). 
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 Figure 3. 1. 6a shows the voltage profiles of the samples with different particle sizes at different C 
rates (also see Table 3. 1. 2). The LiCoO2 cathode with a particle size of 50 nm shows a discharge 
capacity of 103 mAh/g and the highest irreversible capacity ratio among the samples of 47%. 
However, by further increasing the annealing temperature, the charge capacity does not very much, 
but the discharge capacity increases to 175 and 182 mAh/g in the particle sizes with 300 nm and 1 μm, 
respectively. In terms of the charge capacity, 300 nm-sized particles obtained at 700°C have higher 
capacity than the 200 nm-sized ones; this behavior is related to a decreased surface area. Cathodes 
with particle sizes of 50 nm, 100 nm, 300 nm, and 1 μm showed surface areas of 14, 9, 5, and 3 m2/g, 
respectively. The reduced dimension of the particle significantly increases the rate of lithium-ion 
intercalation/deintercalation due to the short distances for lithium-ion transport within the particles. 
The characteristic time constant for diffusion is given by t = L
2
/D, where L is the diffusion length and 
D the diffusion constant. Accordingly, the time t for intercalation decreases by reducing the particle 
size.
29
 However, an increased surface area is expected to result in increased side reactions with the 
electrolyte, thus forming a thicker solid electrolyte interface (SEI). Liu et al. reported that SEI layer 
thickness on the LiCoO2 nanoparticles is about 2–5 nm and increased with increasing surface area of 
the cathode.
22h
 Accordingly, the origin of the larger irreversible capacity of the smaller particles can 
be easily deduced, and the cathode with a particle size of 1 μm shows the highest discharge capacity 
of 182 mAh/g but a smallest irreversible capacity ratio. In order to investigate the possible surface 
morphology change after the first charge, ex situ TEM analysis of the cathodes obtained at 500 and 
700°C was compared (Figure 3. 1. 7). The 100 nm-sized sample obtained at 500°C (Figure 3. 1. 7a) 
shows a thicker layer than the 300 nm-sized sample obtained at 700°C (Figure 3. 1. 7b). This result 
supports the presence of the organic layer. Liu et al. reported that this layer consisted of mostly 
organic ROCO2Li and ROLi products.
22h
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Figure 3. 1. 6. Voltage profiles of the first cycles at 0.2, 2, 4, and 7 C rates (2 C-1 and 2 C-50 denote 
the first and 50
th
 cycles at a rate of 2 C). 
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Figure 3. 1. 7. TEM images of the first cycled LiCoO2 prepared at (a) 500°C and (b) 700°C. 
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Next, we move to the rate capability of the cathode electrodes with two different carbon contents 
(10 and 30 wt %). The same charge and discharge rate were used throughout the tests and rate was 
increased from 0.2 to 7 C step-wise, and finally returned to 0.2 C. We tested the LiCoO2 with an 
electrode density of 3.4 g/cm
3
, corresponding to a carbon content of 10 wt % (Figure 3. 1. 8a and 
Table 3. 1. 2). The first discharge capacities of 50 nm, 100 nm, 300 nm, and 1 μm are 53, 79, 144, 
and 167 mAh/g, respectively, at a rate of 2 C, but after 50 cycles, these capacities are 42, 60, 134, and 
106 mAh/g, respectively, corresponding to capacity retention ratios of 79, 76, 93, and 63%, 
respectively. Further increasing the C rate from 4 to 7 C, the 300 nm-sized sample shows the highest 
discharge capacity of 87 mAh/g. Thus, the cathode obtained at 700°C shows the best capacity 
retention even at a 7 C rate cycling. However, after extended cycling out to 7 C, the discharge 
capacities of all the LiCoO2 samples recover to their original capacities during 0.2 C rate cycling. This 
indicates that the SEI layer formed during the first cycle acts as a “resistance” to hamper the Li-ion 
diffusion at higher C rates. Thus, lower capacities with decreasing annealing temperature are related 
to the presence of thicker SEI layers due to higher Brunauer-Emmett-Teller method (BET) surface 
area. Moreover, no structural degradation occurred during cycling. 
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Table 3. 1. 2. Capacities and coulombic efficiencies of the LiCoO2 particles obtained at various 
temperatures with increasing C rates (Rates during charge and discharge are the same). Electrode 
composition was active material : carbon black : binder (= 80 : 10 :10 wt %). 
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 Further rate capability testing was carried out using the cathode with a particle size of 300 nm 
after increasing the carbon content to 30 wt %, which corresponds to an electrode density of 2.8 g/cm
3
 
(Figure 3. 1. 8b). The first discharge capacity increases to 185 mAh/g, which is quite reasonable as 
compared to bulk LiCoO2 at a 4.5 V cutoff voltage.
19a
 Accordingly, this improvement is due to 
enhanced electronic conductivity between the particles via increased carbon content. Compared to 
other studies dealing with rate capability, the 300 nm cathode showed the best results, 136 mAh/g 
after 32 cycles at a rate of 7 C. The desert-rose form of LiCoO2 hydrothermally prepared at 200°C 
showed 110 mAh/g after 12 cycles at the same rate.
30
 Chen et al. reported plate-like LiCoO2 
nanoparticles with a size of 20–100 nm prepared at 600°C, where the cathode showed a first discharge 
capacity of 130 mAh/g and decreased to ~100 mAh/g after 14 cycles at a rate of 1000 mA/g.
31
 Both 
electrodes contained ≥30 wt % carbon black. 
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Figure 3. 1. 8. (a) Discharge capacity vs cycle number of the LiCoO2 particles prepared at 200, 500, 
700, and 900°C, and (b) discharge capacity vs cycle number of the the LiCoO2 particles obtained at 
700°C. 
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  Ex situ XRD patterns of the cycled electrodes support this result, and XRD patterns of the cycled 
electrodes show no formation of secondary phases or changes in the intensity ratio (Figure 3. 1. 9). 
Moreover, to investigate the structural changes after cycling, four peaks [(0 0 3), (1 0 1), (1 0 4), and 
(0 1 8)] were fitted from the patterns. Peak broadening may be associated with either the 
microstructural defects or a nonuniform distribution of local strain. Peak widths Δk (full width at half-
maximum) were fitted for each peak with a scattering vector k = (4 /λ) sin  using a double-peak 
Lorentzian function for Kα1 and Kα2.32 The results show that Δk values after cycles remain constants, 
compared to these before cycles. For instance, Δk values of the samples annealed at 300 and 700°C 
were 0.015 ( 0.002), 0.016 ( 0.002) and 0.019 ( 0.002), 0.020 ( 0.002) before and after cycles, 
respectively. 
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Figure 3. 1. 9. Ex situ XRD patterns of the LiCoO2 electrodes (prepared at 200, 500, and 700°C) 
before and after cycles. Cycled electrodes were obtained from the cells in Figure 3. 1. 6a. 
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3. 1. 4. Conclusions 
 
The effect of LiCoO2 cathode nanoparticle size on high-rate performance in Li-ion batteries was 
investigated using hydrothermally prepared oleylamine-capped LiCoO2 nanoparticles with a particle 
size of 50 nm obtained at 200°C. Upon annealing as-prepared LiCoO2 at 500, 700, and 900°C, the 
particle size increased to 100 nm, 300 nm, and 1 μm, respectively. Ex situ transmission electron 
microscopy and X-ray diffraction results indicated that the thickness of the solid electrolyte interface 
(SEI) affected the particle’s electrochemical properties at high rates. A LiCoO2 cathode with a smaller 
particle size had a thicker SEI layer, which acted as a barrier for Li-ion diffusion, resulting in 
deteriorated rate capabilities at higher C rates. However, irrespective of the particle size, there was no 
structural degradation after cycling. Rate capability tests were performed under two different 
electrode densities (3.4 and 2.8 g/cm
3
), and LiCoO2 with a particle size of 300 nm demonstrated the 
best rate capability at higher C rates. Upon extended cycling at the 7 C rate, LiCoO2 with a particle 
size of 300 nm exhibited 87 and 150 mAh/g under 3.4 and 2.8 g/cm
3
, respectively. 
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3. 2. High Power LiCoO2 Cathode Materials with Ultra Energy Density for 
Li-Ion Batteries 
 
3. 2. 1. Introduction 
 
Currently, over 70% of Li-ion cells in mobile phones and notebook PCs use LiCoO2 as a cathode 
material because of its high working potential (>3.75 V vs. graphite) and high electrode density (3.3–
3.6 g/cc). For instance, 10 μm-sized LiCoO2 has the highest electrode density of about 3.5 g/cc among 
the cathodes, while LiNi1/3Co1/3Mn1/3O2 and LiFePO4 have 3–3.3 g/cc and 2.3–2.6 g/cc, respectively. 
A low electrode density is indicative of the low energy density of the cell. Accordingly, an increasing 
energy density is one of the most important ways to improve the using time for mobile electronics. 
Simply increasing the particle size is one way to increase the density, but it can conversely deteriorate 
the high rate capability (power). Hence, the best way to improve both the charging time and the 
electrode density is to use bulk particles that consist of aggregated submicron-sized particles (<1 
μm).33 Such submicron-sized particles have a large surface contact area with the electrolytes, which 
can facilitate fast Li-ion transport into the structure.
29, 34
 In addition, an increased interlayer distance 
between the layers that can increase the facile Li-ion transport into the structure is also important. 
However, synthetic methods that can obtain such morphology have not been reported for the 
LiCoO2, although all the solution-route methods have resulted in submicron-sized particles.
20c, 21b, 22e, 
22g, 22h, 35
 Currently, all the LiCoO2 cathode powders in the industry have been using 2–3 μmsized-
Co3O4 particles to prepare particle sizes that are between 5 and 19 μm. However, this method has 
produced only single crystallite-like particles,
18b, 19a
 while 5 micron-sized LiCoO2 particles have led to 
a low electrode density of ∼3.2 g/cc. 
 
In this study, hydrothermally prepared 100 nm-sized LiCoO2 with a plate morphology packed in a 
crucible resulted in 40 μm-sized particles that consisted of aggregated < 1 micron-sized particles after 
annealing at 900 °C for 3 h. In the condition where the optimized electrode pore volume was 20%, 
Furthermore, the LiCoO2 showed 4.1 g/cc of electrode density, which corresponded to 3 Wh/cc, 
which is the highest value among the cathode materials. 
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3. 2. 2. Experimental Section 
 
Hydrothermally prepared LiCoO2 particles were prepared and stoichiometric amount of 
Co(NO3)2·6H2O was dissolved in 1-hexanol with subsequent addition of LiOH and oleylamine, all 
while vigorously stirring (batch size was 500 g). This mixture was then transferred into a large size-
autoclave and maintained at 200 °C for 72 h. After cooling to room temperature, unreacted LiOH was 
removed by washing with water three times followed by two washes with ethanol. The washed 
powders were vacuum-dried at 200 °C for 24 h. The dried powders after mixing with 0.3 wt.% 
MgCO3 particles (particle size was < 200 nm) were densely packed in round-type alumina crucible 
with a capacity of 0.5 liter, and fired at 900 °C for 3 h. The final product was LiCoO2 cathodes in 
which Mg elements were mainly confined near the surfaces within 20 nm, and Mg distribution was 
similar result to ref.36.
36
 Also, note that the melting point of MgCO3 was below 850 °C and therefore, 
it was very reasonable to conclude that annealing at 900 °C for 3 h resulted in no formation of MgO 
coating layer on LiCoO2. 
 
To test the cycle-life performance of each cathode material, a slurry was prepared by mixing the 
active material, super P carbon black, and a poly(vinylidene fluoride) (PVDF) binder with different 
ratios in N-methyl-2-pyrrolidene (NMP). A coin-type half cell (2016-size) contained a test electrode, 
a lithium–metal counter-and reference electrode, a 15 μm-thick micro-porous polyethylene separator, 
and an electrolyte solution of 1 M LiPF6 in EC/DMC (1:1 vol.%) (LG Chem., Korea). The pore 
volume of the electrodes was calculated was obtained with a mercury porosimeter (Micromeritics 
Pore Sizer 9320). Manufacturing process for the pouch type Li-ion cells were carried out in a dry-
room (moisture content was below 100 ppm). The LiCoO2 was used as a cathode, and the anode 
material was natural graphite with a dimensional ratio of 1.15:1 for the anode to cathode. At this ratio, 
lithium deposition on the anode did not occur at 4.35 V vs. graphite. The cell standard capacity was 
set at 820 mAh. 
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3. 2. 3. Results and Discussion 
 
Figure 3. 2. 1a shows schematic for preparing 40 μm-sized LiCoO2 particles consisted of 
aggregated 1 μm-sized particles from packed LiCoO2 nanoplatelets at 900 °C. Figure 1b shows the 
power X-ray diffraction pattern of hydrothermally prepared LiCoO2 nanoplatelets at 200 °C and 
shows a hexagonal α-NaFeO2 structure, where alternating planes that contain Li and Co ions are 
separated by closely packed oxygen layers.
2
 After annealing the cathode powder at 900 °C for 3 h, an 
identical XRD pattern of cathode was obtained at 200 °C. However, the intensity ratio of (003) to 
(104) was 3.5 while the cathode that was obtained at 200 °C was 2.4, showing a possibility that the 
annealed sample exhibited a very strong orientation of the structure along the c-axis. The values of the 
estimated lattice constants a and c of the LiCoO2 obtained at 200 °C were 2.813 , and 14.042 , 
respectively (c/a=4.991). The a and c values represented the distance between the interlayers (one 
third of c-axis in the hexagonal unit cell) and the interlayers' neighbors (metal–metal distance) a-axis 
in the hexagonal cell. Our sample showed that a=2.810 and c=14.072 (c/a=5.01), indicating a very 
strong elongation along the c-axis. This means that there was more facile lithium intercalation in the 
3a sites.
37
 The change of the lattice constants (viz. c/a ratio) was due to that annealing at 900 °C led to 
increased crystal orientation along the c-axis. Figure 3. 2. 1c and d are the SEM and TEM images of 
the cathode that was obtained at 200 °C, showing a plate with a size of ∼150 nm in length. Figure 3. 
2. 1e and f show the SEM images of the LiCoO2 particle that were obtained from hydrothermal 
reaction at 200 °C in a crucible at 900 °C for 3 h. During the annealing process, plates were 
aggregated into larger particles and each plate turned into 1 micron-sized particles. The particle size 
was ∼40 μm. As far as we know, this kind of morphology has not been reported before for the 
LiCoO2 cathodes. 
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Figure 3. 2. 1. (a) Schematic for preparing 40 μm-sized LiCoO2 particles consisted of aggregated 1 
μm-sized particles from packed LiCoO2 nanoplated at 900 °C. (b) Power XRD patterns of 
hydrothermally prepared LiCoO2 cathode at 200 °C and annealed one at 900 °C, (c and d) SEM and 
TEM images of the hydrothermally prepared LiCoO2 cathode at 200 °C, and (e and f) SEM images of 
annealed one at 900 °C using hydrothermally obtained LiCoO2 at 200 °C. 
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 Figure 3. 2. 2a shows the capability rate of the coin-type half-cells that contained coated 40 μm-
sized samples at different C rates in a condition where the electrode density was 4.1 g/cc. The 
Brunauer–Emmett–Teller (BET) surface area of the 40 μm-sized cathode was 2.7 m2/g, of which 
value was 9 times higher than that of the 10 μmsized one (0.3 m2/g). Such a large surface area of 40 
μm-sized cathode is due to that the particle consists of aggregated 1 μm-sized particles, and therefore 
MgCO3 coating was necessary to reduce Co ion dissolution during 4.5 V cycling. In commercially 
available Li-ion cells, the estimated pore volume of the cathode electrode was found to be ∼20 % by 
using a mercury porosimeter. To adjust for such a volume fraction, the electrode composition was 
adjusted to 92 : 4 : 4 wt.% (LiCoO2 : binder : Super P carbon black) and the roll-pressing frequency 
was varied. In this way, the electrode density of the coated 40 μm-sized LiCoO2 was adjusted to 4.1 
g/cc, while the reference 10 μm-sized sample was 3.5 g/cc. 4.1 g/cc corresponded to energy density of 
3Wh/cc. Under these conditions, the electrode thickness made with 40 μm-sized particles was ∼50 
μm, while that made with 10 μm-sized sample was ∼30 μm. The electrode thickness was estimated 
except for Al foil, and electrode area of both samples was 1.9 cm
2
. 
 
The first discharge capacity of the coated 40 μm-sized LiCoO2 was 185 mAh/g between 3 and 4.5 
V at a rate of 0.2 C, and the first discharge capacity decreased to 173 and 165 mAh/g at rates of 5 and 
7 C (Figure 3. 2. 2b) (1C=180 mA/g). The maximum electrode density of the reference sample with a 
particle size of 10 μm was 3.7 g/cc, but its volume fraction decreased to 13%. On the other hand, 
when the electrode volume fraction of the the 40 μm-sized sample was 28%, its electrode density was 
3.5 g/cc. A smaller volume fraction can lead to lower electrolyte penetration into the electrode, thus 
making the capability rate deteriorate.  
 
When the rate increased from 5 C to 7 C, however, the capacity gap became more distinguishable 
than when it was under the 5 C rate (see Figure 3. 2. 2b). When the rate increased to 7 C, the capacity 
retention of the coated 40 μm-sized LiCoO2 (electrode density of 4.1 g/cc) after 48 cycles was 149 
mAh/g, which corresponded to 2.1 Wh/cc. On the other hand, the reference sample deteriorated 
severely, even when the electrode density was 3.8 g/cc and the first discharge capacity was 133 
mAh/g at a rate of 7 C. However, the reference sample also rapidly decreased to 25 mAh/g after 48 
cycles, which corresponded to 0.35 Wh/cc (see Figure 3. 2. 2b). This result indicates that even after 
40 cycles, the coated 40 μm-sized LiCoO2 had an energy density that was 5.7 times larger than the 
reference sample. Upon decreasing the electrode density of the 40 μm-sized LiCoO2 sample to 3.5 
g/cc, the power density at a rate of 7 C increased to 2.3 Wh/cc, while the reference sample exhibited 
1.25 Wh/cc. In the case of reference 10 μm-sized LiCoO2 with MgCO3 coating, the rate capability at 5 
44 
 
and 7 C rates were quite similar to the uncoated one. 
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Figure 3. 2. 2. (a) Voltage profiles of the 40 μm-sized LiCoO2 particles with an electrode density of 
4.1 g/cc at different C rates between 3 and 4.5 V (rates for charge and discharge were same), (b) plot 
of discharge capacity vs. cycle number in 40 μm-sized and reference LiCoO2 cathodes (particle size of 
the reference was 10 μm) at different C rates (rates for charge and discharge were same). Electrode 
density was varied with 4.1 and 3.5 g/cc for 40 μm-sized samples and with 3.8 and 3.5 g/cc for 
reference sample, and (c) plot of energy density vs. cycle umber of (b) and LiNi0.8Co0.15Al0.05O2 and 
carbon-coated LiFePO4 at a 7 C rate. Symbols and colors of the LiCoO2 samples in (c) are identical to 
(b). (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Previous studies on LiCoO2 ignored the importance of the electrode density. Previous researchers 
used > 30 wt.% carbon black, which is 9 times larger than the amount used in this study. For instance, 
the desert-rose form of the LiCoO2 particles with a size > 10 μm that was hydrothermally prepared at 
200 °C showed 110 mAh/g after 12 cycles at a rate of 7 C.
30
 Chen et al. reported plate-like LiCoO2 
nanoparticles with a size of 20–100 nm after being prepared at 600 °C. There, the cathode showed a 
first discharge capacity of 130 mAh/g and decreased to ∼100 mAh/g after 14 cycles at a rate of 1000 
mA/g.
31
 Moreover, carbon-coated LiFePO4 and LiNi0.8Co0.15Al0.05O2 cathodes were compared with 
LiCoO2. In order to get a pore volume of 20%, the electrode composition of carbon-coated LiFePO4 
powders (1 wt.% coating) was adjusted to active material (AM) : binder : carbon black (90:3:7 wt.%) 
and its electrode density became 2.6 g/cc. Similarly, the electrode composition of LiNi0.8Co0.15Al0.05O2 
powders was adjusted to AM : binder : carbon black (92:4:4 wt.%) and its electrode density became 
3.3 g/cc. As one can see in Figure 3. 2. 2c, the energy density of the LiFePO4 during the first 
discharge is 0.9 Wh/cc (110 mAh/g) and decreases to 0.75 Wh/cc after 30 cycles at a rate of 7 C 
(=4200 mA/g). On the other hand, the LiNi0.8Co0.15Al0.05O2 cathode shows 1.5 Wh/cc (125 mAh/g) 
and decreases to 1.25 Wh/cc. Although a direct comparison with the LiFe0.9P0.95O4−δ cathode
38
 is 
impossible due to the different electrode compositions and test methods, they generally have a very 
low loading level of 3.86 mg/cm
2
, which is just 3.8-fold smaller than ours (10.4 mg/cm
2
). Accordingly, 
the electrode density of LiFe0.9P0.95O4−δ electrode was estimated to be much smaller than 2.6 g/cc. 
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Figure 3. 2. 3. (a) Voltage profiles of the 40 μm-sized LiCoO2 cathode at different C rates in Li-ion 
cells (charging rate was identical to discharging rate) between 3 and 4.35 V, and (b) plot of discharge 
capacity vs. cycle number of (a) at a rate of 7 C. 
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Finally, we tested coated 40 μm-sized LiCoO2 in a pouch type Li-ion cells with a size of 20 cm
2
 
and a thickness of 0.3 cm as well as natural graphite was used for the anode. Figure 3. 2. 3a shows the 
rate capability test and 1 C was equivalent to 160 mA/g. The discharge capacities at rates of 0.2, 3, 
and 7 C were 169, 164, and 158 mAh/g, respectively, while the capacity retention at a rate of 7 C was 
93% after 290 cycles, which corresponded to 78%. It is believed that no previous studies that have 
reported such a high rate capability have been tested under this severe condition. However, parallel 
cycling test of uncoated 40 μm-sized cathode in full cells showed the capacity retention of 80% after 
290 cycles. Amounts of Co dissolution of the uncoated and coated cathodes were 400 ppm, and 20 
ppm, respectively. In accordance, inferior capacity retention of the uncoated 40 μm-sized cathode to 
coated one was believed to be that high surface area resulted in Co dissolution from the lattice into the 
electrolytes. 
 
 
3. 2. 4. Conclusions 
 
In conclusion, packed LiCoO2 cathode nanoplatelets in a crucible led to 40 μm-sized particles after 
900 °C annealing for 3 h. In the condition where the optimized electrode pore volume was 20%, 4.1 
g/cc of electrode density was obtained, which corresponded to 3 Wh/cc, which is the highest value 
among the cathode materials. Furthermore, the LiCoO2 showed excellent capacity retention of 78% 
after 290 cycles in a Li-ion cell under 7 C rate cycling. We believe that this method is mass scalable 
and is a very simple process that can be used in the industry. 
 
 
 
 
 
 
 
 
49 
 
3. 3. Nanoparticle–Nanorod Core–Shell LiNi0.5Mn1.5O4 Spinel Cathodes 
with High Energy Density for Li-Ion Batteries 
 
3. 3. 1. Introduction 
 
Recently, Li-ion batteries with a high rate capability have received much attention from researchers 
due to their uses in power tools and hybrid electric vehicles.
34, 39
 To fulfill these usages, among the 
various cathode materials, LiMn2O4 spinel has received much attention due to its good thermal 
stability and fast Li-ion diffusivity.
40
 However, dissolution of Mn
3+
 from the LixMn2O4 spinel 
structure leads to the destruction of the structure initiating at the electrolyte and electrode interfaces, 
resulting in rapid capacity fade.
41
 To improve this structural instability, substitution of transition 
metals (M = transition metals) into the Mn sites in LiMxMn2−xO4 has been investigated intensively.
42
 
Among the transition metals, LiNi0.5Mn1.5O4 spinel exhibited an additional ~4.7 V plateau due to the 
presence of a Ni
2+
/Ni
4+
 redox pair, thus delivering >100 mAh/g reversible capacity.
13, 16, 42c
 
 
To meet the rate characteristics of the batteries, although cell design is an important factor that 
affects rate capability (power), the most essential factor that determines the rate is the electrode 
material. The purpose of these materials is to achieve a decrease in the diffusion length of the Li ion 
in the electrode particle, thus decreasing the kinetic barrier and in turn reducing the polarization factor 
at higher C rates. One means of achieving high rate capability is to manipulate the particle 
morphology into mesoporous nanowires, coating the materials with high electronic conducting 
materials.
43
 However, these bulky nanoparticles lead to a decreased energy density (Wh/cm
3
) due to 
the much lower electrode density as the nanoparticles require higher amounts of binder and 
conducting agent compared to the bulk particles. In consequence, the best approach to improve the 
rate capability without losing the electrode density is to use clustered nanoparticles with a bulk size of 
>5 μm. 
 
In this study, the synthesis and electrochemical properties of nanoparticle–nanorod core–shell 
LiNi0.5Mn1.5O4 spinel particles with a high energy density and high power were investigated using a 
hollow nanowire MnO2 cluster precursor. The core–shell showed a reversible capacity of 121 mAh/g 
and a capacity retention ratio of 83% even at a cycling rate of 7C. Moreover, its power density was 
improved by 52% compared to analogous nanoparticles prepared by a sol–gel method. 
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3. 3. 2. Experimental Section 
 
To prepare hollow MnO2 nanorod clustered precursors, a 1:1 molar ratio of MnSO4·5H2O and 
(NH4)2S2O8 was dissolved in distilled water and transferred into the autoclave and then reacted for 12 
h at 120°C. After the reaction, the mixture was rinsed five times with distilled water and was vacuum-
dried at 120°C. An as-prepared MnO2 template was used to prepare LiNi0.5Mn1.5O4, and appropriate 
amounts of LiC2H3O2·H2O and Ni(NO3)2·6H2O were completely dissolved in distilled water and 
mixed with MnO2 in a molar ratio of 1:0.5:1.5 [LiC2H3O2·H2O : Ni(NO3)2·6H2O : MnO2]. After 
drying it in an oven, the product was ground using mortar and pestle, followed by firing at 400 and 
700°C for 2 and 8 h, respectively. For comparison, the cathode powder was obtained using the sol–gel 
process, LiC2H3O2·H2O was first dissolved in distilled water, and then MnC2H3O2·4H2O and 
Ni(NO3)2·6H2O were continuously dissolved into it with a molar ratio of 1:1.5:0.5 (Li : Mn : Ni). 
Finally, poly(vinylpyrrolidene) as a chelating agent was mixed together, and NH4OH was added to 
adjust pH 8.5 to 9.0. The solution was dried at 90°C and fired at 850°C for 10 h.  
 
To test the cycle-life performance of each cathode material, a slurry was prepared by mixing the 
active material, Super P carbon black, and a poly(vinylidene fluoride) binder with weight ratios of 
60:20:20 in N-methyl-2-pyrrolidene in a homogenizer (Youngjin Corp., Korea). Electrode density was 
measured under porosities of 20–23%. The pore volume of the electrodes was obtained with a 
mercury porosimeter (Micromeritics Pore Sizer 9320). To adjust for such volume fractions, the 
electrode composition was adjusted to the electrode composition described above, and the roll-
pressing frequency was varied. A coin-type half-cell (2016 size) contained a test electrode, a lithium-
metal counter and reference electrodes, a 15 μm thick microporous polyethylene separator, and an 
electrolyte solution of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate (1:1 vol %) (LG Chem., 
Korea). Cell tests were carried out at various C rates under 21 and 60°C. 
 
 Powder X-ray diffraction (XRD, D/MAX-2200V, Rigaku) measurements using Cu Kα radiation 
were employed to identify the crystalline phase of the synthesized materials. A field-emission-
scanning electron microscope (NanoSem 230) and a transmission electron microscope (TEM) (JEM-
2100) were used to assess the morphology of the obtained samples. Cross-section images were 
obtained with a focused ion beam (Quanta 3D FEG) using a Ga source. Electrochemical impedance 
spectroscopy (EIS) data were collected before and after 20 cycles at a rate of 7C (after discharging to 
3.5 V) with an ac amplitude of 10 mV in the frequency range of 0.5 MHz–10 mHz by an Ivium 
impedance analyzer. The specific surface areas of the samples were measured using N2 physisorption 
51 
 
at −196°C by the Brunauer–Emmett–Teller (BET) method using an automatic surface analyzer 
(Quantachrome Autosorbs-1). 
 
 
3. 3. 3. Results and Discussion 
 
The XRD pattern of the MnO2 precursor indicates the formation of the α-MnO2 tetragonal phase 
with a minor γ-MnO2 phase (Figure 3. 3. 1). Its XRD pattern exhibits the formation of the cubic 
spinel (Fd3m) phase [the lattice constant was 8.170(6) Å ] and a minor NiO impurity phase. Figure 3. 
3. 2a shows scanning electron microscopy (SEM) images of MnO2, which consist of nanowire 
clustered particles with a wire length of ~3 μm. In particular, the cross-sectioned image of the powder 
(Figure 3. 2. 2b) shows a hollow urchin-like morphology with three different regions of hollow, 
porous, and dense. Figures 3. 3. 3a and b show SEM images of LiNi0.5Mn1.5O4 spinels obtained using 
a MnO2 precursor after annealing. The hollow region of the precursor was filled with ~100 nm 
nanoparticles that are directly adjacent to the nanorod clusters (its morphology is quite similar to a 
sunflower). The high resolution TEM image (Figure 3. 3. 3d) clearly shows the presence of the lattice 
fringe of the (111) plane of the spinel, corresponding to a d-spacing value of 4.7 Å ; the inset of the 
selected area diffraction pattern (Figure 3. 3. 3d) of the spinel particle confirms the single-crystalline 
phase. 
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Figure 3. 3. 1. XRD patterns of the MnO2 precursor and the core–shell LiNi0.5Mn1.5O4 spinel. 
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Figure 3. 3. 2. (a) SEM and (b) FIB cross-section images of the MnO2 precursor. 
 
 
 
Figure 3. 3. 3. (a) SEM and (b) FIB cross-section images of the core–shell LiNi0.5Mn1.5O4 spinel 
prepared by hollow MnO2; [(c) and (d)] TEM images of the core–shell LiNi0.5Mn1.5O4 spinel prepared 
by hollow MnO2 [an inset of (d) is selected area diffraction pattern of (d)]. 
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 Overall, the core–shell spinel particle size ranges from 7 to 10 μm with a spherical-like 
morphology (Figure 3. 3. 4a), and even after electrode pressing, the core–shell morphology appears 
to be maintained (Figure 3. 3. 4b). For spinel particles prepared by the sol–gel method, <1 μm 
particles resulted (see Figure 3. 4. 5). The BET surface area of the hollow spinel particles prepared by 
the MnO2 precursor was 17 m
2
/g, whereas that prepared by sol–gel was 9 m2/g. The BET surface area 
of MnO2 precursors was 45 m
2
/g. 
 
 
 
 
Figure 3. 3. 4. SEM images of (a) the core–shell LiNi0.5Mn1.5O4 spinels obtained using a MnO2 
precursor and (b) the core–shell LiNi0.5Mn1.5O4 spinel composite electrode after roll-pressing. 
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Figure 3. 3. 5. SEM images of the LiNi0.5Mn1.5O4 spinels obtained by sol–gel method. 
 
 
 
 
 
 
 
Figure 3. 3. 6 shows voltage profiles of the spinels obtained from the MnO2 template and a sol–gel 
method as a function of the cycle number with C rates increasing from 0.1C to 7C (identical charge 
and discharge rates were used). Figure 3. 3. 7 shows the discharge capacity of the spinels obtained 
from the MnO2 precursor and a sol–gel method as a function of the cycle number with C rates 
increasing from 0.1C to 7C (identical charge and discharge rates were used) between 5 and 3.5 V in 
coin-type half-cells. The core–shell cathode shows first discharge capacities of 121 and 100 mAh/g at 
rates of 0.1C and 7C, respectively, with capacity retention at 7C of 83%. Furthermore, there is no 
capacity fade under continuous cycles at 7C up to 20 cycles (see Figure 3. 3. 7). The spinel cathode 
prepared by the sol–gel method exhibits a similar trend to the core–shell particles, and its capacities 
were 99 and 80 mAh/g, respectively, at the two aforementioned rates. The irreversible capacity ratios 
of the LiNi0.5Mn1.5O4 electrode prepared by the sol–gel method and those of the hollow MnO2 
precursor are 36 and 25%, respectively, which correspond to 67 and 75% coulombic efficiencies, 
respectively. 
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Figure 3. 3. 6. Voltage profiles of the LiNi0.5Mn1.5O4 spinels prepared by (a) sol–gel and (b) hollow 
MnO2 precursor. C rate was increased from 0.1C to 7C and decreased to 0.1C (identical charge and 
discharge rates were used) between 5 and 3.5 V in coin-type half-cells. 
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After 7C rate cycling, the cells were run again at a rate of 0.1C, and both cathodes were recovered 
to full capacities (Figure 3. 3. 7a). This performance of the core–shell sample is comparable to metal-
oxide-coated LiNi0.42Mn1.5Zn0.08O4, which showed 85% capacity retention at a rate of 7C (in this test, 
the charge rate was unspecified).
44
 However, the uncoated cathode showed rapid capacity fading at a 
rate of 7C of <50%. 
 
A spinel nanoparticle prepared by poly(ethylene glycol) as a chelating agent showed a particle size 
of 79 nm that had a reversible capacity of ~98 mAh/g upon rate cycling at 8C.
45
 Compared to 
previous studies in which the LiNi0.5Mn1.5O4 spinel particle size was <1 μm (the particle size is similar 
to our sample prepared by a sol–gel method),45 the electrode density is expected to be much smaller 
than the core–shell spinels. The spinel particles prepared by a sol–gel method had an electrode density 
of ~1.9 g/cm
3
, while the core–shell particles had a density of ~2.9 g/cm3. An average electrode 
thickness and a pure loading amount of the spinel particles obtained from the sol–gel method were 20 
μm and 7.2 mg, respectively (the electrode dimension was 1.9 cm2). However, those from MnO2 
precursors were 15 μm and 8.3 mg, respectively. Porosity ranged between 20 and 23%. When these 
were converted to the volumetric energy density (the volumetric energy density was calculated from 
just the active material), the core–shell particles showed 1.6 Wh/cm3, while those prepared by the sol–
gel method showed 0.9 Wh/cm
3
. Accordingly, the core–shell spinels demonstrated a 78% enhanced 
electrode density value compared to the analogy prepared by the sol–gel method. After 7C rate 
cycling, the core–shell showed a value of 1.3 Wh/cm3, whereas nanoparticles prepared by the sol–gel 
method showed a value of only 0.7 Wh/cm
3
 (Figure 3. 3. 7b). 
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Figure 3. 3. 7. Discharge capacity and energy density vs. cycle number in the core–shell particles 
prepared by hollow MnO2 precursor and nanoparticles prepared by sol–gel method at different C rates 
(1C corresponds to 140 mA/g). 
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All Ni-containing spinel cathodes show voltage plateaus at ~4.7 V associated with the Ni
2+
 to Ni
4+
 
redox reaction.
13, 16, 42c
 In the ideal LiNi0.5Mn1.5O4 structure, the oxidation state of manganese is fixed 
at +4. As the calcination temperature is increased to 700°C, however, an oxygen deficiency appears in 
LiNi0.5Mn1.5O4, which partly lowers the manganese oxidation state from Mn
4+
 to Mn
3+
.
46
 This implies 
that a small portion of the manganese remains as Mn
3+
 for the LiNi0.5Mn1.5O4−δ cathode. Figure 3. 3. 8 
shows differential capacity curves of the first cycle at a rate of 0.1C in spinel powder prepared by the 
sol–gel method. The two dominant peaks at 4.67 and 4.73 V are due to the Ni2+ to Ni4+ redox 
reactions.
46
 These two peaks are associated with oxygen-deficient LiNi0.5Mn1.5O4−δ with a space group 
of Fd3m (face-centered cubic). However, the core–shell spinel nanoclusters show an additional peak 
at 4.7 V, which is associated with the presence of minor LiNi0.5Mn1.5O4 with a space group of P4332 
(primitive simple cubic).
47
 
 
Compared to LiNi0.5Mn1.5O4−δ, which has a one-step phase transition between two cubic phases, 
LiNi0.5Mn1.5O4 with two-step phase transitions between three cubic phases should have shown greatly 
deteriorated capacity retention at higher C rates due to the larger degree of strain generated by the 
high rate cycling. However, the result in this study showed no capacity fade at the 7C rate, indicating 
that a nanostructure with a higher surface area may accommodate the strains during phase transitions. 
In addition, the differential capacity profiles of both spinel electrodes clearly exhibit 4V plateaus. This 
plateau is related to the redox reactions between Mn
3+
 and Mn
4+
. With increasing nickel content in 
LiNixMn2−xO4, the intensity of the 4.1 V plateau gradually decreases conversely due to the decreased 
amount of Mn
3+
. Because both spinel samples contain an impurity of NiO, the presence of the plateau 
at 4.1 V is reasonable. 
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Figure 3. 3. 8. Differential capacity curves for the LiNi0.5Mn1.5O4 spinels prepared (a) by sol–gel 
method and (b) by hollow MnO2 precursor. 
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To see any interfacial impedance changes between the two samples, EIS data were collected before 
and after 20 cycles at a rate of 7C (after discharging to 3.5 V), as shown in Figure 3. 3. 9. An 
equivalent circuit was used to interpret the impedance results (inset of Figure 9). Ro is the ohmic 
resistance of the cell, and its value is <10 Ω in both electrodes. Rct is the charge-transfer resistance at 
the electrode and electrolyte, and Rsf is the surface film resistance, which correspond to a semicircle at 
high frequency. Before cycling, Rct and Rsf in the spinel electrode obtained from the MnO2 precursor 
are quite smaller than those obtained from the sol–gel method. After cycling, the resistance of the 
cathode electrode obtained from the sol–gel method is 580 Ω, while that obtained from the MnO2 
precursor is 429 Ω. This impedance spectra result shows that a nanostructured core–shell spinel lends 
faster Li-ion and electron transport at the interfaces between the electrolytes and the electrode. 
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Figure 3. 3. 9. Impedance spectra of the LiNi0.5Mn1.5O4 spinels prepared (a) by sol–gel method and (b) 
by hollow MnO2 precursor. An inset of (a) is an equivalent circuit that was used to interpret the 
impedance spectra. 
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 Finally, the preliminary cycling test results of the core–shell spinel cathode at 60°C are presented 
in Figure 3. 3. 10. The capacity decay of the core–shell spinel cathode was not severe compared to 
that of the LiMn2O4-type spinel
48
 because most redox reactions come from Ni
2+
 and Ni
4+
. No 
dissolution of Mn and Ni ions in the electrolytes obtained from the cells after cycling at room 
temperature was observed based upon inductively coupled plasma–mass spectroscopy analysis. 
However, the amount of Mn ion dissolution at 60°C was 30 ppm, and this amount did not result in 
fast capacity fade in LiMn2O4-type spinels (dissolution of Ni ions was not detected at 60°C).
48
 Hence, 
it is expected that accelerated electrolyte oxidations at 5 V might lead to capacity fade. 
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Figure 3. 3. 10. (a) Discharge profiles of the LiNi0.5Mn1.5O4 spinel cathode prepared by hollow MnO2 
precursor in coin-type half-cell at different C rates under 60°C (identical charge and discharge rates 
were used). (b) Plot of discharge capacity vs. cycle number of (a). 
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3. 3. 4. Conclusions 
 
In summary, nanoparticle–nanorod core–shell LiNi0.5Mn1.5O4 spinel cathodes for Li-ion batteries 
were prepared using a hollow MnO2 precursor. The core and shell parts consisted of nanoparticle 
(~100 nm) and nanorod assemblies, respectively. The core–shell cathode exhibited greatly improved 
discharge capacities compared to nanoparticles prepared by a sol–gel method. The core–shell spinel 
exhibited discharge capacities of 121 and 100 mAh/g at 0.1C and 7C rates, respectively, whereas a 
spinel cathode prepared by a sol–gel method exhibited 99 and 80 mAh/g at those respective rates. In 
addition, the core–shell spinels demonstrated an energy density value that was enhanced by 52% to 
1.6 Wh/cm
3
 compared to an analogous sample prepared by a sol–gel method, which showed a value 
of 0.9 Wh/cm
3
. 
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3. 4. New High Power LiNi0.81Co0.1Al0.09O2 Cathode Material for Li-Ion 
Batteries 
 
3. 4. 1. Introduction 
 
The commercialization of lithium ion batteries for electric vehicles (EVs) and hybrid electric 
vehicles (HEVs) requires a cathode material with high energy and power, in addition to being very 
safe, having an excellent cycle life, being inexpensive, and other criteria such as a low first-cycle 
irreversible capacity and low kinetic and transport resistances. Among the various potential materials 
for cathode, Ni-based layered oxides with an isostructure of LiCoO2 have been extensively 
investigated because of their higher specific energy, lower cost, and low toxicity compared to the 
conventional LiCoO2 cathode.
49
 
 
Pure delithiated LiNiO2 is unstable at elevated temperatures because it favors the generation of Ni
2+
 
instead of Ni
3+
 and results in the formation of a non-stoichiometric composition such as Li1- xNi1+ xO2 
within high temperature environments.
6
 Additionally, Ni
2+
 ions migrating into the Li layer interfere 
with the Li ion pathway during Li intercalation/deintercalation and subsequently results in poor 
electrochemical performance.
7
 Furthermore, pure LiNiO2 suffers from poor thermal stability.
50
 In 
order to overcome these disadvantages, there have been extensive research efforts devoted to 
determining how partial substitutions at the Ni site could reduce exothermic decomposition at high 
temperatures.
8, 50b, 51
 It was determined that Co substitution (among many dopants) into LiNiO2 
significantly improved the structural stability and reversibility of the material. However, in the 
delithiated state, thermal and chemical instability of these materials is still an issue that needs to be 
addressed.
52
 Additional substitution of Al, which is an electrochemically inactive element, into the 
lattice structure has been reported to further stabilize the layered structure as well as enhance the 
capacity/power retention and thermal stability of the Ni-based layered oxides.
50b, 53
 
 
Among the numerous possible compositions of the LiNi1-y-zCoyAlzO2 ystem, the 
LiNi0.8Co0.15Al0.05O2 where y = 0.1–0.15 and z = 0.05 has been carefully selected to meet safety 
criteria without sacrificing the energy, power, or cost advantages of Ni-based cathodes. However, it 
still has limited applications within EV systems because the capacity can fade both at high 
discharge/charge rates and at high temperature environment of 60 °C, the resistance can increase 
67 
 
during cycling at elevated temperatures, and thermal instability can occur at temperatures above 
200 °C.
53d, 53f, 54
 In order to develop better cathode materials for EV systems, there have been 
extensive investigations into the partial substitution of Co and Al into the LiNi1-y-zCoyAlzO2 system 
(Supporting Information Table S1). We also adopted a systematic approach to optimize the amount of 
Al within the LiNi1-y-zCoyAlzO2 system to achieve desirable electrochemical performances and thermal 
stabilities with minimizing the loss of reversible capacity. 
 
After all of our research efforts, herein we determined that LiNi0.81Co0.1Al0.09O2 was the most 
suitable cathode material and shows great potential for commercial use in batteries for EV and HEV 
systems. This material exhibited an excellent rate capability (>155 mAh g
−1
 at a rate of 10 C) and 
improved thermal stability compared to other samples. 
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3. 4. 2. Experimental Section 
 
Precursor Preparation : In order to prepare Ni0.89Co0.11(OH)2 precursor with a particle size of ≈5 
μm, co-precipitation method was employed as described in ref. 55.55 NiSO4 •6H2O and CoSO4 •7H2O 
were mixed with a molar ratio of Ni : Co = 90 : 10 and with a concentration of 2.0 M in distilled water. 
The mixed solution was placed into a CSTR (continuous stirred tank reactor) with a capacity of 7 L 
under N2 atmosphere. Simultaneously, 2.0 M solutions of NaOH and the desired amount of NH4OH 
solution as a chelating agent were separately placed into the CSTR with keeping a temperature at 
50 °C and pH at 11. Greenish co-precipitated powder was filtered, washed with distilled water several 
times, and then dried under vacuum at 80 °C overnight. 
 
LiNi0.89Co0.11O2 Powder Preparation : The precursor powder was mixed with LiOH•H2O (molar 
ratio 1:1.03) and calcinated at 450 °C for 5 h, followed by heating at 750 °C for 18 h under oxygen 
gas flowing. 
 
LiNi1-xCo0.1AlxO2 (x = 0.05, 0.09, 0.13) Powders Preparation : Stoichiometric amount of Al acetate 
was dissolved in ethanol (30 mL). The solution was mixed vigorously with a precursor (2 g) for 1 h 
and dried at 80 °C in vacuum oven. The dried powder was mixed with LiOH•H2O at molar ratio of 
1:1.03. The mixture was calcinated at 450 °C for 5 h, followed by heating it at 750 °C for 18 h under 
oxygen gas flowing. 
 
Materials Characterizations : Powder XRD measurements using Cu Kα radiation were carried out 
using D/Max2000 (Rigaku). Morphology was examined by using FE-SEM (JSM 6400, JEOL) and 
TEM (JEOL 2010F). EIS data were collected after charging samples at 4.5 V during 50 cycles with 
amplitude of 5 mV in the frequency range of 1 MHz to 1 mHz by an Ivium impedance analyser. DSC 
data of the electrodes were collected as follows. The cells were charged to 4.5 V at a rate of 0.1 (1C = 
200 mA g
−1
 ), and then the charged cells were dissembled in a dry-room to collect the electrodes. The 
dissembled electrodes were washed with DMC solvent and dried in a dry-room. The dried sample and 
30 wt% electrolyte were hermetically sealed inside stainless steel high-pressure capsules to prevent 
leakage of the pressurized solvents. The DSC curves were measured between room temperature and 
300 °C at a scan rate of 5 °C min
−1
 . Rietveld refinements of the obtained materials were calculated by 
GSAS program.
56
 
 
Electrochemical Characterization : Electrodes composed of active materials (LiNi1- x - yCoxAlyO2), 
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Super P as a conductive additive, and poly(vinylidene fluoride) (PVDF) as a binder (80:10:10 weight 
ratio) were fabricated. A pouch-type half-cell (2 × 1.5 cm
2
) contained a test electrode, a Li-metal 
counter and reference electrode, a 15 μm thick microporous polyethylene separator, and an electrolyte 
solution of 1.15 M LiPF6 in ethylene carbonate/dimethyl carbonate/diethylene carbonate (3/4/3 vol.%) 
(Panatech., Korea). The electrode loading level, density, and thickness of samples were 2.47 mg cm
−2
 , 
1.37 g cm
−3
 , and 18 μm, respectively. The discharge rate capability was measured as follows. The 
cell test was performed with the formation for the first 2 cycles at 0.1 C. And then, the cell was 
charged at 0.5 C and discharged at increased C rates up to 10 C. Finally, the cell was tested with the 
recovery at 0.1 C. Each rate was repeated three times between 3 and 4.5 V. The cyclability tests were 
evaluated with the equal charge and discharge rate of 1 C at 24 °C and 60 °C. 
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3. 4. 3. Results and Discussion 
 
3. 4. 3. 1. Characterization 
 
In order to analyze the lattice parameters, the Ni occupancy within the Li layer of the samples 
LiNi0.89Co0.11O2 (denoted as sample A) and LiNi1- xCo0.1AlxO2 ( x = 0.05, denoted as sample B; x = 
0.09, denoted as sample C; and x = 0.13 denoted as sample D), Rietveld refinements were conducted 
and are summarized in Table 3. 4. 1 (Supporting Information Figure 3. 4. S1). The chemical 
compositions of the samples were estimated using inductively coupled plasma optical emission 
spectroscopy (ICP-OES). All samples can be indexed to the α-NaFeO2 layered structure with a space 
group of R-3m , and no impurity peaks were observed except for in sample D, in which the LiAlO2 
and Li5AlO4 impurity phases were present (Supporting Information Figure 3. 4. S2). As the Al 
content increased, the (006) peak shifted to a lower angle, and the (110) peak shifted to a higher angle 
(Supporting Information Figure 3. 4. S3). This behavior was related to the difference in the atomic 
scattering factors in Al and Ni as well as the lattice parameters between the LiNiO2 and α-LiAlO2 
phases. A strong peak splitting between (006) and (102) was associated with the structural 
characteristics of LiNiO2, while another strong peak splitting between (018) and (110) was associated 
with the structural characteristics of α-LiAlO2.
57
 The lattice parameter a decreased as the Al content 
increased, while the lattice parameter c increased as the Al content decreased. Therefore, we can 
hypothesize that the doped Al formed a solid solution with Ni and Co in the transition metal sites and 
improved the Li ion diffusivity during intercalation/deintercalation.
58
 Additionally, it is important to 
note that the Ni ions in the Li sites decreased up to sample C (where x = 0.09) which corresponds to 
the maximum occupancy of Al in the system (Table 3. 4. 1). 
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Table 3. 4. 1. Rietveld refinement results of lattice parameter, Ni occupancy in Li-layer and FWHM 
values of samples A, B, and C. 
Composition 
Lattice parameter 
c/a V [Å 3] 
Ni occupancy 
in Li site [%] 
Rwp Rexp 
FWHM (003) 
[2θ] 
a [Å] c [Å] 
LiNi0.89Co0.11O2 
(sample A) 
2.8695 14.1806 4.9418 101.12 1.76 7.62 2.64 0.1613 
LiNi0.85Co0.10Al0.05O2 
(sample B) 
2.8675 14.1829 4.9461 101.00 1.11 10.43 6.36 0.1641 
LiNi0.81Co0.10Al0.09O2 
(sample C) 
2.8646 14.1902 4.9536 100.84 0.77 8.24 2.46 0.1748 
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Figure 3. 4. 1 displays the field emission scanning electron microscopy (FE-SEM) images of the 
samples. All samples consist of spherical particles with an average particle size of ≈5 μm. It is 
important to note that the primary particle size decreased as the Al content increased, exhibiting 
article sizes of ≈500 nm, ≈300 nm, ≈250 nm, and ≈200 nm for samples A, B, C, and D, respectively. 
This behavior corresponded to an increasing FWHM value for the (003) peak (Table 1). Figure 3. 4. 2 
exhibits the scanning transmission electron microscopy (STEM) images of sample A (a, b) and 
sample C (c, d). Transition metals appear as white dots and are easily distinguishable, while Li metal 
could not be imaged because it is a light element. Both measured samples were well arranged along 
the (003) axis. The scanning transition electron microscopy (STEM) image of sample A displayed a 
significant amount of white dots on the surface of the lithium layer, which confirmed the formation of 
Ni
2+
 instead of Ni
3+
 due to the cation-mixing effect.
59
 Cation-mixing occurs between Li
+
 and Ni
2+
 due 
to the similarity of ionic radii (r Li+ = 0.74 Å , r Ni2+ = 0.70 Å ). Alternatively, sample C exhibited a 
significantly decreased region of cation mixing within ≈2 nm of the surface compared to sample A. 
This result agrees with the Rietveld refinement results shown in Table 3. 4. 1 ; therefore, Al atoms 
effectively decreased the cation-mixing effect. 
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Figure 3. 4. 1. FE-SEM images of (a) sample A, (b) sample B, (c) sample C, and (d) sample D. 
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Figure 3. 4. 2. STEM images of the primary particle at the surface of (a, b) sample A and (c, d) 
sample C. Panels (b, d) are magnified images of red frame region of (a, c), respectively. 
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3. 4. 3. 2. Electrochemical Performance 
 
Figure 3. 4. 3a shows the discharge capacity of the samples as a function of the cycle number as 
the discharge rate increased from 0.1 to 10 C (the charge rate was fixed at 0.5 C) in Li half cells at 
24 °C between 3 and 4.5 V. These rate performance results are summarized in Table 3. 4. 2. Many 
previous studies as shown in Table S1 have been devoted to extend the Al solubility region beyond z 
= 0.05 in LiNi1-y-zCoyAlzO2 with maintaining the reversible capacity of ≈200 mAh g
−1
, and excellent 
rate capability. However, once Al content is greater than z = 0.05, noticeable capacity fade was 
observed possibly due to the formation of impurity phases. Our study is succeeded to extend its 
content to z = 0.09 (sample C) for the first time and as-prepared cathode demonstrates the 
substantially enhanced rate capability with showing reversible capacity of 199 mAh g
−1
. Sample A 
exhibited an initial charge capacity of 228 mAh g
−1
 and a discharge capacity of 200 mAh g
−1
, which 
corresponded to a Coulombic efficiency of 88%. Among the doped samples, sample B exhibited the 
highest discharge capacity (207 mAh g
−1
) with a Coulombic efficiency of 89%. However, as the C 
rates increased, the Al-doped samples exhibited higher rate performances than sample A because of 
the smaller size of their primary particles and the increased lattice parameter of c. It is important to 
note that sample C exhibited higher discharge capacities when the rate was above 3 C and the highest 
discharge capacity of 155 mAh g
−1
 was observed at a rate of 10 C, corresponding to 78% capacity 
retention. Figure 3. 4. 3b, c display the working voltage and specific energy of the samples at 
increasing discharging rates at 24 °C. Additionally, as the Al content increased, the elevated working 
voltage became more apparent, and sample C maintained the highest working voltage when the rate 
was above 3 C. As a result, sample C exhibited a specific energy of 562 Wh kg
−1
, which was 
enhanced by 27% compared to that of the sample A, with a specific energy of 444 Wh kg
−1
 at 10 C. 
For comparison, sample B exhibited a specific energy of 515 Wh kg
−1
 at 10 C. 
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Figure 3. 4. 3. (a) Discharge capacity, (b) working voltage, and (c) specific energy of sample A (black 
squares), sample B (red circles), and sample C (blue triangles). The working voltages were collected 
at half of the first discharge capacity at each rate. 
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Table 3. 4. 2. First charge/discharge capacities and rate capability of the samples between 3 and 4.5 V. 
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Since the rate capability of sample C exhibited the best performance, its cycling performances were 
further characterized at both 24 °C and 60 °C between 3 and 4.5 V at a 1 C charge and discharge rate 
( Figure 3. 4. 4 ). At 24 °C, the first discharge capacity of sample A was 189 mAh g
−1
, which was 
higher than the sample C at 174 mAh g
−1
. However, after 200 cycles the capacity retention of sample 
C (85% capacity retention) was higher than sample A (79% capacity retention). At 60 °C (Figure 3. 4. 
4b), the first discharge capacities of sample A and sample B were 204 and 209 mAh g −1 , 
respectively, which were higher than the discharge capacity at 24 °C. This phenomenon was attributed 
to the increased electrochemical activity at higher temperatures, which is commonly observed in Ni-
based cathodes containing a high amount of Ni.
53f, 60
 At 60 °C, sample A exhibited drastic capacity 
fading to 75 mAh g
−1
, with a capacity retention only 37%, while sample C shows exhibited a 
discharge capacity of 122 mAh g
−1
, with a capacity retention of 59% after 200 cycles. Note that 
sample B exhibited a diminished performance with showing capacity retention of 53%, relative to 
sample C (Supporting Information Figure S6). Further, the working voltage difference between the 
sample C (LiNi0.81Co0.1Al0.09O2) and sample B (LiNi0.85Co0.10Al0.05O2) gets larger with increasing cycle 
number out to 200 cycles at 60 °C and its voltage of sample C is higher than that of sample B, 
showing 3.75 V even after 200 cycles. This difference resulted in better specific energy of the sample 
C than sample B (Supporting Information Figure 3. 4. S7). Since the major cause of the capacity 
fading at 60 °C was related to the increased formation of NiO at the surface of the cathode,
59a, 60a, 61
 it 
was confirmed that the electrochemically inactive Al ions in the transition metal sites stabilize the 
structural integrity of the material. 
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Figure 3. 4. 4. Plots of discharge capacity vs. cycle number of sample A (black squares) and sample C 
(red circles) at (a) 24 °C and (b) 60 °C at a rate of 1C. Corresponding voltage profiles for (c) sample 
A and (d) sample C at 60 °C measured after 1
st
 , 50
th
 , 100
th
 , 150
th
 , and 200
th
 cycles. 
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In order to investigate the effects of NiO formation on the cell resistance, electrochemical 
impedance spectroscopy measurements of the samples were carried out at a charged voltage of 4.5 V 
after the 1
st
, 10
th
, 30
th
, and 50
th
 cycles at 60 °C (Figure 3. 4. 5). A semicircle at high-to-medium 
frequencies reflects the resistance of Li
+
 ion migration through the surface of the films (Rf) and the 
film capacitance. Another semicircle at lower frequencies reflects the charge-transfer resistance 
(Rct).
62
 In the high frequency range, as shown in the insets of Figure 5 , the Rf values were similar for 
all samples up to 30 cycles. After 50 cycles, sample A and B exhibited a higher Rf value than sample 
C because of the formation of thicker solid electrolyte interphase (SEI) films. Rct values of sample B 
and C decreased as the cycle number increased when compared to sample A, which corresponded to 
the reduction in the formation of NiO.
59b
 In particular, sample C exhibited the lowest Rct value after 50 
cycles. This result also corresponded to the enhanced Li-ion diffusion coefficient as the Al content 
within the structure increased.
58, 63
 
 
Further, to confirm the direct effect of NiO formation, we analyzed TEM and FFT (Fast Fourier 
Transformed) images of sample B and C after 100 cycles at 60 
o
C. Figure 3. 4. 6 shows TEM and 
FFT images of the primary particles at the surface of sample B and C. As shown Figure 3. 4. 6b, the 
primary particles of sample B consist of region A, B, and C. Surface region C near ~ 5 nm showed 
only NiO phase (Fm-3m). The deeper region B near ~10nm showed the mixed phases of NiO phase 
(Fm-3m) and layered phase (R-3m). And last region A near >15 nm shows only layered phase (R-3m). 
On the other hand, as shown Figure 3. 4. 6g, the NiO phase was observed only < 5nm (region B in 
Figure 3. 4. 6g). These results were supported by the previous EIS measurements results of sample B 
and C. 
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Figure 3. 4. 5. Electrochemical impedance spectroscopy (EIS) Nyquist plots of sample A (black 
squares), sample B (blue triangles), and sample C (red circles) with a frequency range from 1 MHz to 
1 mHz at the (a) 1
st
 , (b) 10
th
 , (c) 30
th
 , and (d) 50
th
 cycles in the charged state at 4.5 V at 60 °C. The 
insets show high frequency ranges between 1 MHz and 100 Hz. 
 
 
 
 
 
 
 
 
 
 
82 
 
 
Figure 3. 4. 6. TEM images of the primary particle at the surface of (a, b) sample B and (f, g) sample 
C after 100 cycles at 60
o
C. (c, d, e) and (h, i) FFT (Fast Fourier Transformed) images at the square 
regions indicated as A, B, and C in (b) and (g), respectively. 
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3. 4. 3. 3. Thermal Properties at 4.5V 
 
The thermal instability of the Ni-based layered oxide cathodes was driven by a significant amount 
of oxygen generated upon heating the cathodes at charged states; additional oxygen was evolved in 
the Li deintercalated cathodes at high temperatures.
64
 The thermal characteristics of the cathode 
materials can be recorded and evaluated by DSC analyses after the samples were charged to 4.5 V 
(Figure 3. 4. 7). Sample A exhibited an onset temperature of 202 °C, while sample B and C exhibited 
enhanced onset temperatures of 215 °C and 231 °C, respectively. Overall, sample C exhibited the 
highest onset temperature, indicating that the starting temperature of the oxygen evolution from the 
lattice was deferred. Additionally, the peak area of sample A, which was indicative of the total 
amount of generated oxygen from the sample, was estimated to be 1155 J g
−1
, while samples B and C 
exhibited values of 619 J g
−1
 and 466 J g
−1
, respectively. This result clearly indicates the noticeably 
improved thermal stability of the sample C, compared with sample B. Al doping effectively decreased 
the exothermic reactions due to the stronger Al-O bonding compared to the Ni-O bonding.
58a, 65
 This 
result suggests that sample C would be more resistant to instant heat generation during short-circuit 
testing such as nail penetration.
19a, 66
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Figure 3. 4. 7. DSC profiles of sample A (black line), sample B (red line), sample C (blue line) after 
charging at 4.5 V between 100 °C and 300 °C. 
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To examine these results in more detail, ex situ XRD patterns was performed before and after heat-
treatment at 300 °C for sample A and C (Figure 3. 4. 8). The samples were first charged to 4.5 V 
before the XRD measurements. In general, oxygen evolution in Ni-based layered structures is 
typically accompanied by a structural transformation, including the spinel (Fd-3m) and NiO-type 
cubic structures (Fm-3m): 2Liz/2NiO2 (layered) → LizNi2O4 (spinel) + O2 → 2NiO (rock-salt) + LizO 
+ 1/2O2.
67
 After heat-treatment at 300 °C, the structures of the two samples were transformed from the 
hexagonal (R-3m) to the rock-salt cubic phase (Fm-3m). Furthermore, in the charged state the initial 
hexagonal layered structure (R-3m) was transformed to the spinel (Fd-3m), and then to the rock-salt 
cubic structure (Fm-3m) as the temperature increased. This type of phase transition is generally 
observed in Ni-rich layered oxide systems.
68
 Compared to the XRD of the sample A, there were still 
some traces of sample C phase in the final XRD traces, which suggests that oxygen evolution may be 
slower in sample C. These results indicate that the Al dopants used as a structural scaffold in the 
lattice structure of the cathode suppressed structural deformations. 
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Figure 3. 4. 8. Ex situ XRD patterns of sample A and sample C before and after heating at 300 °C for 
20 min. The samples were heated after charging at 4.5 V. 
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3. 4. 4. Conclusions 
 
A new promising cathode material, LiNi0.81Co0.1Al0.09O2, was prepared for the first time. Its 
chemical composition and ratio were carefully selected from the Ni-based layered oxide system of 
LiNi1- y - zCoyAlzO2 upon executing many trial and error experiments. Optimum Al doping content was 
approximately z = 0.09. Exceeding this Al content (e.g., LiNi0.87Co0.1Al0.13O2) resulted in the 
formation of impurity phases. We found that the electrochemical performances and thermal stabilities 
of the LiNi0.81Co0.1Al0.09O2 cathode were substantially improved at both 24 °C and 60 °C compared to 
LiNi0.85Co0.1Al0.05O2. The LiNi0.81Co0.1Al0.09O2 showed the best rate capability with the discharge 
capacity of 155 mAh g
-1
 at 10 C with cut-off voltage range between 3 and 4.5V, corresponding to 562 
Wh kg
-1
. At 60
 o
C, the LiNi0.81Co0.1Al0.09O2 also showed the discharge capacity of 122 mAh g
-1 
after 
200 cycles, with capacity retention of 59 %. In addition to the improved electrochemical 
performances, the LiNi0.81Co0.1Al0.09O2 exhibited a significant thermal stability by reducing heat 
generation and increasing onset temperature of the exothermic reaction. We believe that the 
LiNi0.81Co0.1Al0.09O2 cathode an excellent cathode material and holds great promise for commercial 
use in batteries within EV and HEV systems. 
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3. 4. 5. Supporting Information 
 
Table 3. 4. S1. Representative research results for NCA with a variation of Al contents from 
literatures.
53c, 53e, 65, 69
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Figure 3. 4. S1. Rietveld refinement results of XRD patterns of (a) sample A and (b) sample C. 
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Figure 3. 4. S2. XRD patterns of (a) sample A, (b) sample B, (c) sample C and (d) sample D, 
respectively. 
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Figure 3. 4. S3. Comparisons of peak shift at the range of 32-40o and 54-70o from XRD data. 
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Figure 3. 4. S4. Low magnified FE-SEM images of (a) sample A, (b) sample B, (c) sample C, and (d) 
sample D, respectively. 
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Figure 3. 4. S5. Voltage profiles as function of increased rate of (a) sample A, (b) sample B, and (c) 
sample C, respectively. 
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Figure 3. 4. S6. (a) plots of discharge capacity vs. cycle number of sample A (black square), sample B 
(blue circle), and sample C (red circle) at 60 
o
C at 1C rate and (b) Corresponding voltage profiles of 
samples B (b) after 1
st
, 50
th
, 100
th
, 150
th
, and 200
th
 cycles. 
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Figure 3. 4. S7. Plots of (a) working voltage and (b) specific energy vs. cycle number of samples B 
(black square) and C (red circle) at 60
o
C. The working voltages were collected at the half of the 
discharge capacity at 1
st
, 50
th
, 100
th
, 150
th
, and 200
th
 cycles. 
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